& Key message Beech is subjected to devaluating bark damage by logging operations. It is shown experimentally that damage in the upper part of the trunk entails much higher risk of wood discoloration and decay by fungi than damage in the lower part.
Introduction
European beech (Fagus sylvatica L.) is by far the most important broadleaved tree species in German forests. Among the major crop tree species of southwest Germany, beech showed the highest percentage of standing trees wounded in the upper parts of the stem mostly due to felling damage (16 %; Nill et al. 2011) . Combined with the same percentage of extraction damage, 28 % of the beech trees were affected by bark damage. Such bark damage often leads to wood discoloration and decay which reduces the quality of the timber produced from affected stands. Several studies of broadleaved tree species have examined the impact of bark damage occurring at the butt of the trunk (e.g., Schulz 1973; Schumann and Dimitri 1993) , but few studies have addressed the effects of mechanical damage to bark on the upper parts of the stem. Anecdotal evidence from forest practitioners suggests that bark wounds inflicted when the bases of trunks are struck by felled stems being hauled from a stand (referred to as "extraction damage") are less liable to give rise to wood decay than the elongated bark wounds caused when the upper regions of standing stems are struck by falling trees during thinning operations (referred to as "felling damage") (Knorr and Prien 1988; Schulz 1973) . Other agents of bark damage in beech such as peeling deer or activities of small animals like fat dormouse (Glis glis) are considered less important in Germany.
The complex physiological defense reactions of trees after wounding were first outlined by Shigo and Hillis (1973) and refined by Shigo and Marx (1977) . Their CODIT model describes how, following an injury, the tree protects itself by forming reaction zones or boundaries (also referred to as "walls 1-4") which limit the expansion of infection. The model was subsequently enhanced by Rayner and Boddy (1988) and Liese and Dujesiefken (1996) who stressed the reaction of the tree to "damage" encompassing not only decay but also the preceding processes of desiccation and dysfunction of woody tissues.
The objective of our study was to compare the consequences of bark damage to the base and upper parts of the trunk in beech trees in order to determine whether differences in the degree of discoloration, fungal infection, wood decay, and wound closure were evident in these different positions on the stem. Furthermore, we aimed to investigate how potential differences might be explained by wood anatomical reactions. It is hypothesized that specific cellular mechanisms might hinder desiccation ensuing from bark damage under certain conditions. To this end, artificial wounds were created at two different positions on the stems of intact beech trees and destructively analyzed after 3 years. Our primary objective was to assess the validity of the practitioners' claim that beech is differently impacted by extraction and felling wounds. We therefore attempted to conduct our experiment under as close as possible ceteris paribus conditions and synchronously placed both types of bark wounds on the same trees. Furthermore, the wounds were created at two different dates to address the possible impact of the season of wounding.
Material and methods
In 2006, 40 trees in a beech (F. sylvatica) stand growing on an eastern slope in Southwest Germany (Black Forest, Kreis Breisgau-Hochschwarzwald; GK-coordinates: N 47.325394, E 8.019826) were selected for the experimental study. The stand consisted of beech approximately 80 years old and was situated at an elevation of ca. 980 m above sea level. For each tree, diameter at breast height (ca. 1.3 m; "dbh") was measured, and the competition status (Kraft class) was recorded.
Trees with visually discernible bark wounds were excluded from the experiment.
Artificial bark wounds were created at 20 of the selected trees at the beginning of the 2006 growing season (June 1), with the remaining 20 trees receiving the same treatment at the end of the same growing season (October 9). Wounds were made at two different positions on each stem: a patch of bark (34×13 cm=442 cm 2 ) was removed ca. 0.5 m above ground level to simulate an extraction wound and an elongated strip of bark with an identical surface area (68×6.5 cm=442 cm 2 ) at a height of 5-6 m above ground level to simulate a felling wound. In all cases, the wounding process consisted of scribing the outline of the area of bark to be removed using a carpet knife and carefully prising off the outer bark and phloem within the outline in order to expose the xylem surface without damaging the xylem itself.
The dimensions of the artificially created wounds were selected to correspond as well as possible in terms of shape and size with extraction and felling wounds inflicted unintentionally during real harvesting operations (Schumann and Dimitri 1993) . To further mimic real-world damage, all experimental wounds were created on the up-slope sides of the stems where the majority of wounds inflicted during logging activities or rock fall would occur.
In October 2009, all 40 trees were felled, having remained in situ for four (June 2006 wounds) or three (October 2006 wounds) growing seasons after the wounding treatment. For each tree, cross-sectional discs (4-6-cm thick) were removed from the mid-points of both bark wounds (Figs. 1 and 2). A third disc was removed from each stem at breast height after Fig. 1 Experimental design for inflicting the bark wounds at the base of the stem ("extraction wound") and at 5 m tree height ("felling wound"). Tree discs were sampled from the center of the wound areas and from breast height (dbh) of the harvested beech stems marking its alignment with the position of the lower and upper wounds. All discs were frozen at −8°C and thawed immediately before further investigation. The occurrence of wood discoloration and decay in each disc was checked through visual inspection and, if present, the extent was recorded (Metzler et al. 2012) . The radial depth of wood discoloration in the center of the wound, as well as in marginal and peripheral positions, was recorded in the form of three classes (<0.5, 0.5-4.0, and >4.0 cm). Furthermore, it was also documented if any discoloration was visually discernible in the disc cut at breast height. Discoloration in the center of the stem judged to have obviously been present before the wounding treatments (e.g., discoloration associated with branch stubs or "red heart" typical for beech) was discarded from the assessment of discoloration related to the artificial bark wound. Furthermore, the presence of vertical discoloration columns was checked in six 1-m-long log sections which were cut off adjacent to the extraction, respectively, felling wounds and were sawed longitudinally through the wound area.
In order to identify any changes in the wood structure associated with the experimental wounds, selected wood samples (0.5-cm deep) were taken from the xylem surface which had been exposed by removal of the bark (Fig. 3) . Thin sections were cut from the samples by hand or, after fixation in glutaraldehyde and embedding in epoxy resin, were cut using a microtome and subjected to microscopic examination. Embedded material was stained according to the protocol described in Schwarze et al. (1995) to aid visualization.
For isolation of fungi, a scheme of sampling based on previous studies described in Metzler et al. (2012) was employed. A total of 840 isolation pieces were obtained from the 80 wound-discs and 40 breast-height discs immediately after thawing in order to isolate wood-colonizing fungi as follows: The wood discs from wound level were split radially according to the previously mentioned scheme in central, marginal, and peripheral positions (Fig. 3 ) relative to the wound by means of a rack and pinion press equipped with a chisel. Immediately after splitting (Metzler 1997a) , the isolation pieces were obtained by punching platelets of ca. 12 mm 3 from the freshly exposed wood surface using a 4-mm diameter cork borer under sterile conditions in a laminar-flow hood. Isolation pieces were taken at depths of 0.5, 4.0, and 8.0 cm behind the wound surface. Thus, nine samples were taken for investigation from each wound-disc (3 positions×3 depths). The breast-height discs were sampled in the same manner, but only along a single radial split corresponding with the alignment mark created prior to felling, thus yielding three isolation pieces (1 position×3 depths). Microbiologic processing of these samples was done according to Metzler et al. (1993 Metzler et al. ( , 2012 . Characterization and identification of the fungal isolates was performed microscopically. Identification of wood decay fungi was verified by PCR by use of the primers ITS5 and ITS4.
The progress of wound closure was measured on the wood discs at both lateral margins of each wound, and the mean value of lateral closure was noted.
Results

Discoloration and decay
Superficial xylem discoloration of at least a few millimeters in depth occurred in the central and marginal positions of the inflicted wounds in almost all cases (Table 1 ). All extraction wounds inflicted in June showed discoloration to a depth of at least 0.5 cm underneath the surface of the wound at its center Fig. 2 Scheme of sampling in each tree (example tree no. 4): wood discs from extraction wound (RS), felling wound (FS), and at breast height (dbh=BHD). Note the typical narrow reaction zone close to the surface below the extraction wound (RS) and in contrast the thicker discoloration and decay zone exceeding a depth of 0.5 cm below the felling wound (FS). The dbh disc is void of any symptoms Fig. 3 Sampling scheme for isolation pieces which were taken from different depths inside the stem discs. Also, microscopic samples were taken from the wound surface (including reaction zone) and from the barrier zone at the edge of the wound (redrawn from Metzler et al. 2012) ( Fig. 2) . In contrast, only 70 % of the October wounds of the same type were discolored. Discoloration exceeding a depth of 0.5 occurred in 35 % of the June wounds, compared to only 15 % of the October wounds. However, in none of the extraction wounds (June or October) did discoloration reach deeper than 4 cm beneath the surface at the wound center (Table 1) .
For felling wounds, the radial extent of discoloration of the xylem was clearly greater than for the extraction wounds. All discs (June as well as October wounding) showed discoloration to a depth of at least 0.5 cm behind beneath the wound's surface in the central and the marginal positions (Table 1) . Discoloration deeper than 4 cm was evident in 25 % of the June wounds. This is significantly more severe than in the October wounds and in the respective wound site of extraction wounds (χ 2 =5.7; P=0.016). Fifteen percent of the June wounds displayed discoloration which extended to more than 8 cm in depth. A distinct wedge-shaped zone of discoloration with symptoms of decay was observed in five of the discs (25 %) due to the June wounding treatment. In three of these discs, the discoloration associated with the wound broadened at about 8-cm depth in connection with internal fissures and was therefore detectable in the peripheral sampling position. Larger portions of the discoloration were delimited by a distinctive marginal zone (Fig. 4) . Otherwise, no peripheral extension of discoloration or decay was noted. In the discs originating from the October wounding treatment, none of the discoloration or decay reached further than 4 cm into the xylem.
Axial extension of discoloration associated with wounds took the form of spindle-shaped columns of stained xylem extending both above and below the wounding sites. With increasing distance from the wounded area, the dark shaded discoloration decreased in extent. None of the 40 breast-height discs, which were located 80 cm above the upper margin of the simulated extraction damage, displayed any discoloration; in one of the extraction wounds in which this dark shaded zone of discoloration was examined in detail, the discoloration extended for only 1.5 cm below and above the site of the wound. In the five felling wounds which were examined in detail for the axial extent of the discoloration columns, the length of this column varied from 6 to 62 cm equally above and below the upper and the lower margins of the surface wound.
Microscopic examination of cross sections revealed dark discoloration within several annual rings formed prior to the year of wounding: In the June wounds which were investigated, the cell lumina of vessels formed in the 5 years preceding treatment were blocked by tyloses. The most intensive formation of tyloses was concentrated in the vessels of the third, fourth, and fifth annual rings below the wound surface, forming distinct boundaries including tangentially orientated chains of axial parenchyma cells which were filled with polyphenolic deposits of a reddish-brown color (Fig. 5 ). These Table 1 Radial extension of discoloration and decay inside central (centr), marginal (marg), and peripheral (peri) wound area (% of examined tree discs) of extraction and felling damage in beech (June versus October) Typical wedge-shaped discoloration (reaction zone) and decay inside a felling wound (dotted lines). In the center of the stem, the discolored area is even extending, probably due to internal fissures (black arrowheads) in the stem center (lower margin). Note the primary (white arrows) and secondary (black arrows) marginal zones chains occurred mainly in the latewood of the second to the fourth year rings. At the lateral margins of the wound, parenchyma cells of the xylem formed prior to wounding were similarly filled with droplets of reddish-brown polyphenols. Abundant formation of radially orientated wood rays originating from the wound callus tissue was evident in cross sections taken from the peripheral area directly beyond the wound margin (Fig. 6 ). These cells were also filled with polyphenolic deposits forming long rows in a radial orientation throughout the first increment produced after the year after wounding, and were clearly less frequently observed in the annual ring formed in the second year after wounding. The vessels in the first annual ring after wounding were conspicuously smaller in diameter (ca. 35 μm) than in the xylem before wounding (ca. 50 μm) and were not blocked by tyloses. In the second year after wounding, the size of the vessels was back to normal.
Fungal hyphae could mainly be observed close to the wound surface in the early wood of the annual ring formed in the year of wounding but occasionally also in the latewood of the preceding year's ring. Pigmented fungal hyphae were abundant in the outermost annual ring below the wound surface which was void of brown polyphenolic substances. The cell walls of colonized parenchyma cells were partially decayed by boring hyphae. Hyphae were not observed beyond the reaction zone of the wound area. Furthermore, the increment outside the barrier zone (or "wall 4" according to the CODIT model) was void of hyphae. Cross sections taken from the October wounds showed a similar pattern of brown phenolic substances in chain-like rows of parenchyma cells and in fiber tracheids. The chains of polyphenol-containing cells were confined to the two annual rings immediately below the wound surface, yet the vessels were blocked by tyloses up to the third growth ring.
Fungal colonization of wounds
In the simulated extraction wounds, fungal isolates were obtained from 11 % (39 out of 360) of isolation pieces (Table 2) . Contrastingly, approximately twice as many samples were found to be infected (22 %; 80/360) in the simulated felling wounds. Statistically, this difference in the frequency of infection within extraction and felling wounds was highly significant (χ 2 =16.92; P<0.001). In extraction wounds, fungal infection appeared to be superficial in most cases. With respect to the season of wounding (June vs. October), the difference of the number of isolates was not statistically significant. However, from the breast-height discs, where no bark damage had been inflicted, only 3 % (4/120) of the isolation pieces yielded fungal isolates. This was highly significant when compared with extraction (χ 2 =6.21; P=0.012) as well as felling damage (χ 2 =22.24; P<0.001). In terms of the ecological groups of the isolated fungi, wood decay fungi were represented most frequently by 2 species of the ascomycete genus Hypoxylon-Hypoxylon fragiforme (17 isolates) and Hypoxylon cohaerens (5 isolates)-with 3 isolates of the basidiomycete Cylindrobasidium evolvens also being obtained. These species were rarely isolated from extraction wounds, and (if given) only close to the surface of the wound (0.5 cm), but were obtained significantly more frequently from the wood of felling wounds (χ 2 =11.2; P<0.01).
With respect to the distribution of fungal isolates, the stem discs with felling wounds clearly showed a higher rate of superficial fungal colonization (Table 3 ). In the central position of felling wounds, 20 % of the isolated fungi were wood-decaying species (extraction damage, 7.5 %). At a depth of 4 cm beneath the wound surface, wood decay fungi were isolated from felling wounds in 10 % of the discs (extraction damage, 0 %; χ 2 =4.2; P= 0.04). Twenty-one isolates of wood decay fungi were obtained from the discs of June wounds (19 of these being of Hypoxylon spp.), whereas only 1 disc of the October wounds was infected with a wood-decaying fungus.
For bluestain fungi, the proportion of isolates was approximately 30 % higher in felling wounds than in extraction (Table 2) . In extraction wounds, bluestain fungi were detected mostly near the surface, only in one case as deep as 8.0 cm beneath the stem surface. Phoma spp. and Phialophora spp. were the most frequent genera in this group and were also isolated from greater depths (>8 cm) beneath the surface of felling wounds (Table 3) . With regard to the group of "other fungi," more than twice as many fungal isolates were obtained from felling wounds than extraction wounds (χ 2 =7.2; P=0.0066). A remarkably high proportion of stem discs (62 %) from felling wounds displayed such infections close to the wound's surface at 0.5 cm or less. These were accounted for to 43 % by Apiognomonia errabunda, which was detected exclusively from this superficial position in the stem discs.
Wound closure
By the time of harvesting, callus had grown on average 13.1 mm at the lateral margins of all 40 extraction wounds. Wounds which had been inflicted in June 2006 (harvested four growing seasons after wounding) displayed on average a lateral extension of callus of 14.8 mm (3.7 mm on average per growing season). Wounds inflicted 4 months later (October 2006; harvested three growing seasons after wounding) averaged 12.4 mm of callus growth (4.1 mm per growing season) per lateral wound margin (Fig. 7) . For the felling wounds, we observed a significantly slower callus growth with an average of 9.4 mm of callus closure at the lateral wound margin: 10.3 mm for June wounds (2.7 mm per vegetation period), and 8.5 mm for October wounds (2.8 mm per vegetation period), respectively. The 95 % confidence intervals for the mean rates of callus growth at the margins of extraction respective felling wounds did not overlap. This indicates a significantly different speed of wound closure at these different treatments. From visual inspection of the wounds, it was evident that wound closure was almost exclusively driven by callus formation at the lateral wound edges, whereas callus formation at the upper and lower edge of the wounds was rather scarce (Fig. 2) .
Discussion
Wood discoloration and decay
In broadleaved trees, defense mechanisms after wounding are usually rather pronounced involving the formation of distinctively pigmented polyphenols due to oxidation of phenolic precursors and flavonoids (Magel et al. 2001) , and formation of tyloses (Dujesiefken and Liese 1990; Grosser et al. 1991) . In our study, we detected an important functional pattern: in the xylem below, the wound surfaces we observed were thinwalled axial parenchyma cells filled with polyphenols that appear like tangentially orientated single-chain rows. They occurred within the reaction zones and seemed to complement efficient compartmentalization. A similar phenomenon is illustrated in the figures of Grünwald et al. (2002) in beech and Grosser et al. (1991) in hornbeam (Carpinus betulus). Perhaps, when filled with oxidized polyphenolic substances, such chains of cells serve as an efficient means of protecting the intact wood against further desiccation and intruding fungi.
Although the problem of wood decay triggered by felling wounds in beech has previously been addressed by Schulz (1973) , few studies have investigated the impact of bark damage inflicted at different positions along the stem. Our results clearly indicate that radial wood discoloration, triggered by felling wounds located several meters above the base of the tree trunk, extend more frequently and to greater depths into the xylem than from extraction wounds located at the base of a stem. During our analysis of stem sections containing the elongated felling wounds, we found that these portions exhibited severely discolored wood and were frequently accompanied by evidence of decay, which extended for a considerable depth from the wound surface into the xylem beneath. The longitudinal extension of discoloration in wounded beech is generally limited (Vasiliauskas 2001) . However, we found that the discoloration associated with felling wounds extended axially for larger distances beyond the wound margins than discoloration associated with extraction wounds at the base of stems.
The experimental design did not allow clarifying whether these differences between extraction and felling wounds are due to the shape of the wounds or their positions along the stem. However, we speculate that several of the following factors Fig. 7 Total progress of wound healing (unilateral means) in felling and extraction wounds; error bars: 95 % confidence intervals. The duration of the experiment has been three (wounds inflicted in October), respectively, four vegetation periods (wounds inflicted in June) might have been involved: It appears possible that it was the elongated shape of the felling wounds which might have resulted in a desiccation process more favorable for fungal colonization than the broad extraction wounds. Alternatively, or additionally, the process of desiccation might have been less severe at the base of the trunk than in higher portions of the stem due to differences in hydrostatic pressure, respectively, water tension effects at these locations (Zimmermann et al. 1995; Cruiziat et al. 2002) . The smaller extent of discoloration in extraction wounds gives evidence that desiccation at the stem base was strictly limited. Thus, discoloration and formation of a reaction zone was confined close to the wound surface and no deeper fungal penetration was detected. Here, the wound surface appeared to be effectively sealed by polyphenolic substances in parenchymatic cells and by tyloses obstructing the vessels.
In the year of initiation of the experiment (2006), the treated trees were exposed to quite unusual aridity when the June wounding treatment was applied. For June and July, a mean temperature with +2.4 and +5.8°K, respectively, above the long-term-mean combined with only 30 and 20 %, respectively, of the mean precipitation reported for the region (DWD 2006). For October 2006, the mean temperature was +3.4°K above the mean, but the precipitation was 200 %. It therefore appears possible that the conditions in June led to rapid desiccation of the wound surface causing the subsequent defense reactions by formation of tyloses to occur deeper within the xylem than would usually be the case. Furthermore, large wedge-shaped zones of discoloration with progressive decay were found exclusively among the June wounds. In three cases, the wedge-shaped discoloration broadened deeply within the xylem into peripheral positions. Here, it appeared that the discoloration caused by wounding intersected with previously formed internal fissures (Fig. 4) . Thus, the continuity of the reaction zone was interrupted and oxygen as well as fungi could spread further. Larger zones of discoloration associated with June wounds were also described by Metzler and Ehring (2006) in relation to pruning experiments conducted on walnut (Juglans regia). Seasonal differences in the content of nonstructural components in the sapwood are proved by Barbaroux et al. (2003) . However, the factor of desiccation seems to be the principal factor which allows the decay fungi to enter especially in wounds of the upper part of the trunk.
However, based upon empirical observations, this may only hold true if extraction wounds are restricted to bark lesions leaving the xylem essentially undisturbed: Sachsse and Simonsen (1981) reported that if wounding included severe xylem damage, a discolored sector which extended 25 cm above the wound could generally be found within 1 year.
Wound colonizing fungi
Following desiccation, the invasion of microorganisms will proceed with wood decay fungi being of principal interest. In our comparative analysis, we obtained twice as many fungal isolates from the felling wounds than the extraction wounds. This might be explained by the more intensive desiccation of the felling wounds, thus providing easy access for fungal infection. In our study, we observed deeper discoloration in the xylem of the felling wounds. Five of the 40 felling wounds (13 %) showed complete radially intruding sectors of discoloration and decay.
The consistent sampling of three different tangential wound regions (central, marginal, and peripheral) , and additionally at three different radial depths provided strictly comparable data on the radial distribution of fungal isolates in the wound area. Three years after inflicting the bark wounds, it could be seen that the felling wounds (located several meters above the stem base) were colonized three times as often by wood decay fungi than the extraction wounds at the bases of the stems. The total number of isolates obtained from the upper felling wounds was nearly twice as high as from the extraction wounds at the lower stem portion. This observation is clearly related to the larger extent of the discoloration zones observed in the felling wounds and agrees with the CODIT principal of compartmentalization. In accordance with the investigations of Grosser et al. (1991) in relation to the "protection wood" of broadleaved trees, we could not detect fungal penetration beyond this reaction zone close to the surface of the wound area in extraction wounds.
Considering the season of wounding, wood decay fungi were found more frequently in wounds inflicted in June than in October. This observation is consistent with our finding of discoloration being more frequent and of greater extent in June wounds. In earlier investigations, Metzler et al. (2012) compared fungal frequency in Norway spruce (Picea abies) and silver fir (Abies alba) which had also been artificially wounded in May and October. In that study, a direct comparison similarly showed less fungal colonization after wounding in October, though in spruce and fir, this difference was not statistically significant. The specific occurrence of H. fragiforme and Phoma spp. in June and October wounds of beech, respectively, indicates a specific seasonal influence (e.g., by a different extent of desiccation) rather than the influence of the incubation time.
In our study, the frequent presence of H. fragiforme in June wounds appears noteworthy particularly in the case of felling wounds where the species was detected in several instances up to 8-cm deep in the xylem behind the wound surface. In extraction wounds, only five isolates of wood decay fungi were obtained, all of them located superficially within the wound (0.5 cm). Clearly, superficial bark wounds on the basal parts of beech stems do not necessarily provide easy access for wood-decaying fungi (Schwarze and Heuser 2006) .
For the felling wounds, we obtained quite different results: in contrast to extraction wounds, felling wounds displayed fungal colonization close to their surfaces quite frequently.
A. errabunda, the most frequently isolated fungal species from this niche, is well-known as a leaf pathogen and also invades young twigs (Toti et al. 1993) . Additionally, the fungus has now been shown to possess the ability to colonize bark wounds. However, here, the fungus appears to be confined exclusively to the xylem wound surface. Pigmented fungal hyphae, probably belonging to A. errabunda, were abundant in the outermost growth ring below the wound surface. Here, the brown polyphenolic substances seemed to be degraded. Degradation of these substances was shown by Schwarze and Baum (2000) in beech wood which was inoculated with Ganoderma adspersum. Corresponding phenoloxidases may be present in a wide variety of fungi (Butin and Kowalski 1992) .
In 25 % of the felling wounds, fungi of all ecological groups were isolated from the depth of 8 cm in the central sampling position. The sealing of the wound by formation of reaction zones (walls 1 and 2 according to Shigo and Marx 1977) appears to be considerably more efficient in the extraction wounds than in the felling wounds.
Wound closure
When wound closure is compared between the two seasons of wounding, the difference in the lengths of the subsequent observation periods has to be kept in mind: three and a half years (four growing seasons) for the June wounding and 3 years (three growing seasons) for the October wounding. Although callus formation occurred in all wounds, large areas of sapwood which were potentially susceptible to infection by wood-colonizing fungi were still exposed in October 2009. This evaluation holds true for both felling and extraction wounds.
After formation of the callus tissue initially (Fig. 6 , Grünwald et al. 2002) , the new "wound xylem" was subsequently produced. The respective ray cells were filled with discolored phenolic substances thus forming a radial series of "polyphenol-chains" as a kind of structural defense. Due to formation of the barrier zone, there was hardly any tangential extension of the primary wound margins. Furthermore, the vessels within the first annual ring produced after wounding were smaller than normal. Rademacher et al. (1984) described a similar response pattern in their study on sugar maple (Acer saccharum) and reported that the pattern of wood formation had not completely reverted to normal 2 years after wounding. In contrast, our study showed that for extraction wounds in beech, the size of vessels had reverted to a normal pattern in the second year after wounding, although the wound surfaces were still far from being sealed by callus formation. Callus formation was almost exclusively restricted to the lateral edges of wounds and was negligible at the upper and lower edges where it contributed very little to wound closure. This is completely in accordance with Fink (1999) , confirming that wound closure is mainly driven from the lateral edges of the wound.
Interestingly, we found that in comparison to extraction wounds, the process of formation of lateral callus was significantly slower for the felling wounds. Usually, tree vigor-as indicated by radial increment-is the driving force of wound healing (Fink 1999; Metzler 1997b; Neely 1988; Schulz 1973) . However, as in our study the paired treatment of trees with extraction and felling wounds allows for direct comparison, we can assume that the tree's growth speed did not vary between the two wound types within the individual tree. Apart from the difference of the wounds' position in height on the stem, the relation of wound width to stem circumference represented a major difference between the two wound types. We speculate that these pronounced differences in the shape of the wounds might at least in part explain the difference in the speed of wound closure. Increasing wound width in relation to stem circumference enhances wound callus formation as was shown by Neely (1988) . This appears to be the most plausible driving force rendering healing in the extraction wounds obviously faster than in felling wounds.
Conclusion
Clearly, bark damage inflicted on standing beech during felling operations are seriously detrimental to the future value of the timber: Our study clearly demonstrated that narrow, elongated wounds located on high portions of the stem suffer from a significantly increased susceptibility to wood discoloration and decay as they are strongly affected by desiccation, discoloration, and subsequent invasion by fungi. Furthermore, it is evident that the detrimental consequences extend beyond the visible wound surface. As a consequence, characteristics of the bark surface indicating past felling damage-even if complete occlusion of the wounds has occurred-are clearly indicative of reduced timber quality. Therefore, if the objective is the production of valuable beech timber, it is of utmost importance that felling damage is restricted to a minimum by applying appropriate low-damage techniques (Nakou et al. 2013) and/or by paying particular attention to maintaining future crop trees (Hein et al. 2007 ) from damage when felling in their vicinity.
Interestingly, bark wounds caused when the bases of trunks are struck by felled stems being hauled from a stand (extraction damage) are-although not completely without negative consequences-less detrimental to future timber quality in beech. The rate and intensity of discoloration and susceptibility to decay are significantly lower in such wounds than in those associated with felling. Furthermore, as these wounds are located at the end of the butt log, they may be cut away prior to marketing without too much loss in timber yield. However, this only holds true if wounds are restricted to the bark as extraction wounds including damage to the xylem may result in severe decay and devaluation of the timber.
